Abstract. Using aMarx-oscillator standing-wave resonancemethod, we measuredthe internal friction &' of sintered titanium containing up to 26 volume-percent voids (c). The surprising &I-versus-c curve shape, an exponential increase, lead us to remeasure &I-versus-c by acoustic-resonance spectroscopy, which gave similar results. We hypothesized that both void shape and void size change with c. For the void shape, we confirmed this hypothesis by measuring longitundinal and transverse sound velocities vl and v, and comparing them with Mori-Tanaka model predictions. As c increases from 0 to 0.26, effective void shape changes from near spherical to oblate spheroidal with an aspect ratio near 0.05. Optical microscopy confirmed the void-size change. We outline a model based on wavescattering theory that explains the observed &'-c behavior. Increased particle size with increased c provides the dominant factor for the exponential increase.
I. INTRODUCTION
Elastic-stiffness constants and their imaginary part, the internal friction Q-", provide much valuable information about a material's microstructure, about all defects representing departures from an ideal, pure, perfect monocrystal. The defect considered here is voids arising from sintering of spherical particles. At least at low void concentrations, we expect the voids to possess simple shapes, approaching in many cases the concave-face tetrahedron associated with the interstices of close-packed spheres.
MATERIAL
As a specimen material, we chose sintered titanium. Chemically pure titanium powder was prepared by a rotating-anode method, sieved through -35 mesh to give an average 180-pm particle size, sealed in titanium canisters, and hot isostatically pressed to various mass densities, which were determined by pressure and temperature.
MEASUREMENT METHODS
In this study, we used five measurement methods: 1. Marx-oscillator [I] . In the extensional mode, this gave the Young modulus E and the associated internal friction pl. 2. Acoustic-resonance-spectroscopy [2] . For a near-C44 mode, this confirmed the g1 measurement made by method I. In Table 1 , we label this ezl. 3 . Rod-resonance [3] . This confirmed the E and @' measurements made by method 1. 4. Pulse-echo-superposition [4] . This gave the complete set of elastic constants. Because of large bond and transducer corrections, we ignored the accompanying attenuation measurements, which give pl.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19968185 5. Impulse-excitation rod-resonance [5] . By exciting extensional, bending, and torsional modes of a rectangular bar, this gave the elastic constants of a c=0.39 specimen, which resisted accurate measurement by the above four methods. The accompanying Q-' measurement was too inaccurate. Figure 1 shows the change of with c, the void volume fraction, obtained from Archimedes-method mass-density measurements. Table 1 gives numerical values for mass density, sound velocities, various polycrystalline (quasi-isotropic) elastic constants, and internal friction. In this table, p denotes mass density, vl and v, longitudinal and transverse sound velocities, CI longitudinal modulus, G shear modulus, B bulk modulus, E Young modulus, v Poisson ratio, and c1 internal friction, where subscript E denotes Young-modulus (extensional) mode and subscript G shear mode. 
RESULTS
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Marx-oscillator standing-wave resonance. For an isotropic VOIDS CONCENTRATION material, Cd4 equals the shear modulus G. 
MODELING OF ELASTIC CONSTANTS
Many models exist for predicting a composite's effective sound velocities and elastic constants from constituent properties and phase geometry 161. For this study, we used the Mori-Tanaka effective-field approach [7] to obtain explicit analytical expressions for the effective long-wavelength-limit longitudinal-wave and transverse-wave sound velocities of porous solids. This approach offers the advantages of yielding, for undilute concentrations, explicit analytical expressions, not simply bounds or estimates that require iterative calculations. The solid's effective elastic properties are estimated by assuming that a representative inclusion (void) feels the effect of the average matrix stress in the same way that an isolated inclusion feels an applied uniform stress. Thus, the inclusion feels an effective Jield.
From the Mori-Tanaka model, we obtained explicit longitudinal and transverse sound-velocity (vl and v,) expressions for several possible void shapes. For brevity, we give only the following results for randomly oriented spheroidal pores:
Here, vl = longitudinal velocity of the porous solid; v, = transverse velocity of the porous solid; vl = longitudinal velocity of the bulk solid; v,, = transverse velocity of the bulk solid; vo = Poisson ratio o ! the bulk solid; a = pore aspect ratio; c = pore concentration; for a = 1 .
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JOURNat DE PHYSIQUE IV 6 . DISCUSSION Previously, we described the expected dependence of p1 on c, derived from a scattered-plane-wave ensemble-average model and applied to Sic particles in an A1 matrix 181. For fixed particle size and shape, Q' increases linearly, decreases in slope, and passes through a broad maximum. For a fixed shape and concentration, strongly increases nonlinearly with increasing particle size. Thus, as void size increases with increasing c, p1 can increase exponentially. Our previous study [8] showed that decreasing particleshape aspect ratio (spherical to oblate spheroidal) decreases &; thus, a ~2 -l -c curve dominated by the shape factor would be convex rather than concave. Our measurement results show that the size change more than compensates for the shape change.
CONCLUSIONS
In studying the internal friction and elastic constants of sintered titanium, we reached five principal conclusions:
1. Against expectation, internal friction p1 increases exponentially with increasing void content.
2. Elastic-constant measurements combined with the Mori-Tanaka theory show that the effective void aspect ratio decreases with increasing c, that is, from spherical to strongly oblate spheroidal (a = 0.05).
